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ABSTRACT
Failure of balcony glass handrail panels has been a frequent occurrence during past windstorms. This paper presents
an experimental investigation of the effect of balconies on the aerodynamics of high-rise buildings. Large-scale
experiments were performed on models of high-rise buildings with balconies. For small components such as balconies,
large-scale testing is preferred as it provides more realistic wind effects compared to typical small-scale studies.
However, as the model scale increases, the limited dimensions of wind tunnels do not allow complete simulation of
the low frequency end of the turbulence spectrum. Partial Turbulence Simulation (PTS) is a method that compensates
for the lack of low-frequency turbulence in post-test analysis. This method is advanced to be used for analysis of data
from large-scale experiments on components of high-rise buildings. Results demonstrate the importance of large-scale
testing for balconies to better understand the flow pattern and pressure distribution on the buildings with balconies.
Keywords: Wind, Components and Cladding, Balconies, High-rise Buildings, Partial Turbulence Simulation.

1. INTRODUCTION
Balconies constitute an important element of a building. They represent a characteristic component of the local
architecture and provide the occupants with an easy access to the environment. Balconies can change the flow pattern
around a building and hence influence the wind loading of buildings. Failure of balconies poses safety concerns for
the building residents and generates wind-borne debris impacting other structures downwind. To have safe balcony
designs, it is important to investigate and understand the wind loading effects on balconies. Wind tunnel testing has
generally been accepted as a useful tool for evaluating wind loads on structures. For high-rise buildings usually model
scales range from 1:300 to 1:600 (Moravej, 2018). However, for small components such as balconies, large model
scales are needed to maintain the model accuracy and allow simulation of high Reynolds number to avoid adverse
scale effects. When the model scale is large, the limited dimensions of wind tunnels do not allow proper simulation
of the low frequency end of the turbulence spectrum. As a result, many of the large-scale experiments have been
performed with less than ideal simulation of turbulence spectrum. This can affect the local flows over the building
and balconies' surfaces where the turbulence interacts with shear layers coming off the building walls and balcony
corners. Asghari et. al, (2014, 2015) presented the Partial Turbulence Simulation (PTS) method which is a theoretical
method for including the effects of lack of low frequency turbulence in post-test analysis. This paper describes the
advancement of the PTS methodology to be used for components of high-rise buildings, and the effects of balconies
on the wind loading of buildings. Three models at scales 1:180, 1:67 and 1:25 were tested. Pressure distribution on
the balcony hand rails as well as building walls are investigated and discussed.

2. METHODOLOGY AND DATA ANALYSIS
A 15-story mid-rise building is selected for this study. The full-scale dimensions of the building are height = 55.2 m
and width = 24.5 m. Two series of tests are conducted per scale: one on a model building with no balconies and then
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on a model building with continuous balconies on two adjacent sides and discontinuous balconies on the other two
sides (Figure 1). Experiments are performed in the Wall of Wind (WOW) Experimental Facility at Florida
International University. The wind directions considered for testing are 0° to 360° at 3° intervals (Figure 1).

(a)

(b)

Building models: (a) without balconies, (b) with balconies.

Wind direction convention.

Figure 1. Experimental setup.
Results are presented as peak pressure coefficients based on a 3-second gust dynamic pressure as shown in Equation
(1). The net pressure coefficient for the balcony handrail panels is obtained using Equation (2).
Cp peak = 1
2

Ppeak

(1)

ρU2
3 sec

Cpnet = Cpexternal − Cpinternal

(2)

Tests are performed in a flow with partial turbulence simulation, hence the turbulence intensity is lower than that of
the atmospheric boundary layer which contains the full spectrum of turbulence. In order to estimate peak pressures,
PTS method (Asghari et. al, 2015) is used and advanced for components of high-rise buildings. The original PTS
method is developed for low-rise buildings and small building appurtenances. In this method, the turbulence is divided
into two distinct statistical processes, one at high frequencies which can be simulated correctly in the wind tunnel, and
one at low frequencies which can be treated in a quasi-steady manner. The joint probability of loads from the two
processes is derived, with one part coming from the wind tunnel data and the remainder from the Gaussian behaviour
of the missing low frequency component from which full-scale equivalent data can be obtained. The PTS method is
based on quasi-steady assumption. The quasi-steady assumption is valid provided that the eddies that are simulated in
the wind tunnel cover wavelengths up to about an order of magnitude greater than the building dimension H (Asghari
et. al, 2015). This is acceptable for small structures because with H being so small, this range of wave lengths can be
covered in the wind tunnel. For small components of high-rise buildings quasi-steady assumption should still be valid
since the larger scale eddies should remain reasonably well correlated over their much smaller dimensions. Another
assumption in the PTS method is that, for small structures which are near the ground the flow has a high gradient
𝑑𝑢/𝑑𝑧. In such conditions the high frequency turbulence responds quickly to low frequency gusts. So, the intensity
of the high frequency turbulence stays approximately constant even though the fluctuating velocity of the low
frequency gusts varies. For components of high-rise buildings, 𝑑𝑢/𝑑𝑧 reduces with height and the rapid equilibrium
of the high frequency turbulence can no longer be assumed. This means that the intensity of the high frequency varies
with time. To address this issue, the PTS advancement for components of high-rise buildings considers: (1) At higher
levels above ground, the overall turbulence intensity is less than that at near ground level. Therefore, the fluctuations
in the high frequency turbulence intensity will be small and this brings up the possibility of using a single
representative value of the high frequency turbulence intensity for the level in the building where the component is
located. (2) After measuring the pressure coefficients at this representative value of high frequency turbulence
intensity, the missing low-frequency fluctuations are compensated using the quasi steady assumption.

3. RESULTS AND DISCUSSION
Figures 2 shows the net pressure coefficients on the balconies versus the external pressure coefficients on the building
walls for a 0-degree wind direction. The highest magnitude of the Net Cpmin occurs on the side perpendicular to the
wind load (Side B) which is not a predictable behavior compared to the building exterior walls behavior where the
highest magnitude of external Cpmin occurs on Sides A and C. For cases where the wind loads are normal to the wall,
the behaviour of balconies is driven by the wind flowing towards the inner face face of the top floor balcony where it
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creates a positive pressure on the inner face and induces negative net pressures at the top floor balcony in the middle
zone. It can also be seen that the net pressure coefficients at the lower elevation floors are relatively smaller in value
compared to the top floor balcony handrail panels (except in corners).
(1) Side A

(2) Side B

(3) Side C

(4) Side D

(a)

(b)

Figure 2. (a) Net Cpmin, (b) External Cpmin for 0 degrees – Scale 1:67
To study the effect of the tap arrangement and required resolution for pressure taps on the balcony panel handrail
corners, four different tap layouts were evaluated at scale 1:25. The results (Figure 3) show that having the pressure
taps near the edges is necessary for capturing an accurate measurement of high suctions.

Figure 3 – Effect of pressure tap layout on Net Cpmin on 15th floor balcony.
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